Misao Suzuki, 3 Hitoshi Sakano 1,2 * In mammals, odorant receptors (ORs) direct the axons of olfactory sensory neurons (OSNs) toward targets in the olfactory bulb. We show that cyclic adenosine monophosphate (cAMP) signals that regulate the expression of axon guidance molecules are essential for the OR-instructed axonal projection. Genetic manipulations of ORs, stimulatory G protein, cAMP-dependent protein kinase, and cAMP response element-binding protein shifted the axonal projection sites along the anteriorposterior axis in the olfactory bulb. Thus, it is the OR-derived cAMP signals, rather than direct action of OR molecules, that determine the target destinations of OSNs. E ach olfactory sensory neuron (OSN) in the mouse expresses only one functional odorant receptor (OR) gene out of 1000 members (1) (2) (3) . Axons from OSNs expressing a given OR converge onto a specific site, the glomerulus, in the olfactory bulb (4) (5) (6) . It has been proposed that OR molecules at axon termini may directly recognize guidance cues on the olfactory bulb and mediate homophilic interactions of like axons (6) (7) (8) (9) (10) . OR molecules are heterotrimeric guanine nucleotide-binding protein (G protein)-coupled receptors (GPCRs) that transduce the odorant-binding signals by activating the olfactory-specific G protein (G olf ) expressed in mature OSNs. The activation of G olf stimulates adenylyl cyclase type III, generating cAMP, which opens cyclic nucleotidegated (CNG) channels. Mice deficient for G olf and CNGA2 are anosmic but form a normal glomerular map (11) (12) (13) , which suggests that a www.sciencemag.org SCIENCE VOL 314 27 OCTOBER 2006 G protein other than G olf may aid in targeting OSNs independent of CNG channels.
OR molecules are rhodopsin-like type A GPCRs that contain a conserved tripeptide motif, Asp-Arg-Tyr (DRY), at the cytoplasmic end of transmembrane domain III (fig. S1A), which is required for coupling of GPCRs to the partner G proteins (14, 15) . To examine whether the G protein signaling is involved in guidance of OSN axons, we generated a DRY-motif mutant, Arg-Asp-Tyr (RDY), for the rat OR gene I7 (16) and expressed it using a transgenic system (17) (fig. S1B ). Axons from OSNs expressing the wild-type I7, I7(WT), converged to a specific site in the olfactory bulb ( Fig. 1A , left), whereas those expressing the DRY-motif mutant, I7(RDY), remained in the anterior region of the olfactory bulb, failing to converge onto a specific glomerulus ( Fig. 1A, right ). The I7(RDY)-expressing axons never penetrated the glomerular layer but stayed within the olfactory nerve layer ( Fig. 1B) . These axon termini were devoid of synaptotagmin (presynaptic marker) and microtubule-associated protein 2 (dendritic marker) immunoreactivities and thus probably did not form synapses ( Fig. 2A , middle, and fig. S2 ). OSNs expressing a nonfunctional OR gene can activate other OR genes and will fail to converge onto a single glomerulus (8, 18, 19) . However, the inability of I7(RDY) axons to converge on a specific glomerulus was not due to the coexpression of other OR genes ( fig. S3 ); OSNs expressing the I7(RDY) transgene expressed no other OR genes. OSNs expressing I7(WT) all showed Ca 2+ signals in response to octanal (an agonist of the I7 receptor), whereas those expressing I7(RDY) did not (Fig. 1C) . Thus, the I7(RDY) mutant is deficient in both axon targeting and G protein coupling. Both G o and G s genes are expressed in immature mouse OSNs (20) . Although the G s knockout mutation is embryonically lethal (21) , the G o -deficient mouse shows no obvious anatomical defect in the olfactory system (22) . Because the DRY-motif mutant was assumed to be incapable of coupling with G proteins, we examined whether the constitutively active G s (caG s ) mutant would rescue the defective phenotype of I7(RDY) in axonal projection. We inserted the caG s gene into the I7(RDY) construct with an internal ribosome entry site (IRES), generating I7(RDY)-caG s (fig. S1B). In OSNs expressing this construct, cAMP signals should be generated constitutively by caG s in a receptor-independent manner. Axons expressing I7(RDY)-caG s ( Fig. 2A , cyan) converged to a specific site in the olfactory bulb, whereas axons expressing I7(RDY) ( Fig. 2A , yellow) did not. Yellow fluorescent protein (YFP)-positive and cyan fluorescent protein (CFP)-positive axons did not intermingle or co-converge, which suggests that homophilic interaction of OR molecules is unlikely. Axons expressing I7(RDY)-caG s were found within a glomerular structure and were immunoreactive for synaptotagmin ( Fig.  2A , right). G s stimulates adenylyl cyclase to produce cAMP, which in turn activates cAMPdependent protein kinase (PKA). A constitutively active PKA rescued the defective phenotype of I7(RDY) in OSN projection and glomerular formation, although a few projection sites were found in the posterior region in the olfactory bulb ( Fig. 2B ). When the I7(RDY) construct was coexpressed with a constitutively active variant of cAMP response element-binding protein (CREB), a PKA-regulated transcription factor, axon termini were found within glomerular structures, although with incomplete convergence ( Fig. 2C ). These results confirm the role of G proteins in OSN axon targeting and suggest the involvement of cAMP in transcriptional regulation of axon guidance molecules.
To study cAMP signaling in OSN projection, we examined the effect of caG s on OSNs expressing the wild-type OR. Two transgenic constructs, I7(WT)-Cre and I7(WT)-caG s , were analyzed. The Cre recombinase gene was assumed not to affect the G s -mediated signaling. Axons from OSNs expressing I7(WT)-Cre (Fig. 3A , yellow) or I7(WT) (Fig. 3A , cyan) converged in similar regions, whereas those expressing I7(WT)-caG s (Fig. 3B , left) projected to more posterior regions. Additional cAMP signals are generated by caG s . In OSNs expressing I7(WT)-caG s , cAMP signals are generated by both the transgenic caG s and endogenous G s , whereas, in OSNs expressing I7(RDY)-caG s , the generation of cAMP signals by endogenous G s is blocked. The glomerulus for I7(WT)-caG s (Fig.  3B , yellow) showed a smaller posterior shift from that for I7(RDY)-caG s (Fig. 3B, cyan) . Thus, the signaling level of the endogenous G s appears to be relatively low when coupled with the wild-type OR. We also tested whether decreased levels of cAMP signals would affect the OSN projection. Axons expressing a dominantnegative PKA (dnPKA) with the wild-type OR converged to the anterior part of the olfactory bulb ( Fig. 3C ). Unlike axons carrying I7(RDY), axons expressing the I7(WT)-dnPKA construct generated glomerular structures. These transgenic experiments indicate that increased or decreased levels of cAMP signals shift the glomerular target of OSNs posteriorly or anteriorly, respectively.
To examine the effect of excessive cAMP signals on OSN projection, we generated the transgenic construct, caG s hi , in which the OR coding sequence has been replaced with the caG s gene ( fig. S1B ). More caG s was translated from the cap-dependent caG s hi than from the IRES-mediated I7(RDY)-caG s (8) . Although we , we detected only one or a few glomeruli (Fig. 3D ). Projection sites driven by caG s hi were located posterior to the I7(RDY)-caG s glomeruli (Fig. 3E) . In situ hybridization and single-cell reverse transcription polymerase chain reaction (RT-PCR) indicate that OSNs expressing caG s hi express multiple OR species (fig. S3 ). In the double transgenic mouse carrying CFP-tagged I7(WT) and YFPtagged caG s hi , a few I7(WT)-expressing axons that probably also expressed caG s hi projected to the caG s hi glomerulus (Fig. 3F) . Thus, the caG s hi glomerulus represents a heterogeneous population of axons expressing different ORs. It is possible that caG s hi produces saturated levels of cAMP signals and generates a distinct glomerular structure regardless of the OR species.
In contrast to G olf , G s is expressed early in OSN differentiation (11) . Our experiments suggest the involvement of a PKA-regulated transcription factor, CREB, in OSN projection (Fig.  2C ). We used microarray and RT-PCR analyses to screen for genes with expression levels correlated with cAMP signals. cDNA libraries were prepared from single OSNs from four different transgenic mice, and gene expression profiles were compared between caG s hi and I7(RDY) and between I7(WT) and I7(WT)-dnPKA (Fig.  4, A and B) . Among the genes differentially expressed were some encoding axon guidance molecules [for example, neuropilin-1 (Nrp1)]. Nrp1 was expressed in the caG s hi OSNs (where cAMP signals might be high), but not in the I7(RDY)-expressing OSNs (where cAMP signaling is blocked) ( Fig. 4B and fig. S4 ). Immunostaining demonstrated a gradient of Nrp1 expression, with low expression in the anterior and high expression in the posterior of the olfactory bulb ( fig. S5 ). In the I7(WT) / I7(WT)-dnPKA mouse, the I7(WT) glomerulus ( Fig.  4C , cyan, posterior) was Nrp1-positive, and the I7(WT)-dnPKA glomerulus (Fig. 4C , yellow, anterior) was Nrp1-negative. Nrp1 has been implicated in guidance of OSN axons, because the disruption of the Sema3A gene, which encodes a repulsive ligand for Nrp1, alters glomerular arrangements along the anterior-posterior axis (23, 24) . We suggest that G s -mediated cAMP signals regulate the transcription of genes encoding axon guidance molecules, which in turn guide positioning of glomeruli.
Our results explain some puzzling observations about OSN targeting. The b 2 -adrenergic receptor (b 2 AR), but not a vomeronasal receptor (V1rb2), can substitute for an OR in ORinstructed axonal outgrowth and glomerular formation (8) . The explanation for this observation may be that the b 2 AR can couple to G s , but the V1rb2 cannot. This explanation is consistent with the idea that the G s -mediated cAMP levels set by the receptors determine the target sites of OSN axons. Another puzzling observation is that alterations in OR expression levels can affect OSN projection (8) . The level of cAMP signals may be affected by both OR identity and the amount of OR protein, which would be a factor of transcription and translation parameters. OR-instructed G s signals are not dependent on odorants (23) , and disruption of G olf or CNGA2 genes did not affect positioning of glomeruli (11) (12) (13) , which suggests that G smediated cAMP signaling is distinct from that mediated by odor-evoked neuronal activity. It has been thought that ORs at axon termini may recognize guidance cues on the olfactory bulb and mediate the homophilic interactions of like axons (6) (7) (8) (9) (10) . However, our results favor a model in which cAMP signals regulate the targeting of OSN axons along the anteriorposterior axis (fig. S6A ). These results complement previous studies indicating that the dorsal-ventral arrangement of glomeruli is determined by the locations of OSNs within the olfactory epithelium (25) (26) (27) . We propose that a combination of dorsal-ventral patterning, based on anatomical locations of OSNs, and anterior-posterior patterning, based on OR-derived cAMP signals, establishes olfactory bulb topography. After OSN axons reach their approximate destinations in the olfactory bulb, further refinement of the glomerular map may occur through fasciculation and segregation of axon termini in an activity-dependent manner. The genes up-regulated by the cAMP signals were screened with microarray and RT-PCR analyses. Mixtures of 20 single-cell cDNA samples were analyzed by RT-PCR for the expression of isolated genes. Six examples are shown: pcp4l1, plxna3, nrp1, nxph3, ptprn, and ptprf. The gene ebf1 (olf-1) was used as a control. (C) Expression profiles of Nrp1 in the olfactory bulb. Two horizontal olfactory bulb sections (80 mm apart) from the I7(WT)/I7(WT)-dnPKA double transgenic mouse (age P14) were immunostained with antibodies to Nrp1 (red). The posteriorly located I7(WT) glomerulus (cyan, arrowhead) was immunoreactive for Nrp1, whereas the anteriorly located I7(WT)-dnPKA glomerulus (yellow, arrowhead) was not. On the left, the I7(WT) and I7(WT)-dnPKA glomeruli (dotted traces) are compared for the Nrp1 expression. Quantitative analyses of glomeruli for Nrp1 expression are shown in fig. S5 . The social amoebas (Dictyostelia) display conditional multicellularity in a wide variety of forms. Despite widespread interest in Dictyostelium discoideum as a model system, almost no molecular data exist from the rest of the group. We constructed the first molecular phylogeny of the Dictyostelia with parallel small subunit ribosomal RNA and a-tubulin data sets, and we found that dictyostelid taxonomy requires complete revision. A mapping of characters onto the phylogeny shows that the dominant trend in dictyostelid evolution is increased size and cell type specialization of fruiting structures, with some complex morphologies evolving several times independently. Thus, the latter may be controlled by only a few genes, making their underlying mechanisms relatively easy to unravel. M ulticellular animals and plants display an enormous variety of forms, but their underlying genetic diversity is small compared with the genetic diversity of microbes. Eukaryotic microbes include a broad range of unicellular life forms, with multiple independent inventions of multicellularity. One of the most intriguing challenges in biology is to understand the reason behind the repeated occurrence of this particular evolutionary stratagem.
The social amoebas, or Dictyostelia, are a group of organisms that hover on the borderline between uni-and multicellularity. Each organism starts its life as a unicellular amoeba, but they aggregate to form a multicellular fruiting body when starved. This process has been best described for the model organism Dictyostelium discoideum. The aggregate of up to 100,000 D. discoideum cells first transforms into a finger-shaped structure, the "slug." The head region of the slug senses environmental stimuli such as temperature and light and directs the slug toward the soil's outer surface, where spores will be readily dispersed. The slug then stands up to form the fruiting body, or sorocarp. The cells in the head region move into a prefabricated cellulose tube and differentiate into stalk cells that ultimately die. The remaining "body" cells then crawl up the stalk and encapsulate to form spores. Thus, the Dictyostelia display distinct characteristics of true multicellularity, such as cell-cell signaling, cellular specialization, coherent cell movement, programmed cell death, and altruism (1, 2) .
Traditionally, social amoebas have been classified according to their most notable trait, fruiting body morphology. Based on this, three genera have been proposed: Dictyostelium, with unbranched or laterally branched fruiting bodies; Polysphondylium, whose fruiting bodies consist of repetitive whorls of regularly spaced side branches; and Acytostelium, which, unlike the other genera, forms acellular fruiting body stalks (1) .
Despite the widespread use of D. discoideum as a model organism (2, 3) , the Dictyostelia as a whole are poorly characterized in molecular terms; nearly all currently available data are from a single species. Nonetheless, the social amoebas provide a unique opportunity to understand the evolution of multicellularity (4) (5) (6) . A primary and essential prerequisite for this is an understanding of the true phylogeny of the group. Here, we describe the phylogeny of social amoeba species and trace the acquisition of morphological and functional complexity during their evolution.
Nearly complete small subunit rRNA (SSU rDNA) gene sequences were determined from more than 100 isolates of Dictyostelia, including nearly every described species currently in culture worldwide (7) . Phylogenetic analyses of these data identified four major subdivisions of the group, which we numbered 1 to 4 ( Fig.  1 and fig. S1 ). Group 1 consists of a morphologically diverse set of Dictyostelium species. Group 2 is a mixture of species with representatives of all three traditional genera, including all pale-colored species of Polysphondylium, at least two species of Dictyostelium, and all species of Acytostelium. Group 3 is again a diverse set of purely Dictyostelium species, also including the single cannibalistic species, D. caveatum. The largest group is group 4, which consists almost entirely of Dictyostelium species but may also include a clade of two violetcolored species from two separate traditional genera, P. violaceum and D. laterosorum. With the exception of the violet-colored species, group 4 is a fairly homogeneous set of large robust species, including the model organism D. discoideum and the cosmopolitan species, D. mucoroides, which appears to be polyphyletic (8) .
The four SSU rDNA groupings are confirmed by a-tubulin phylogeny ( fig. S2 ) with two exceptions: (i) A. ellipticum is only weakly placed with group 2 in the a-tubulin tree (fig. S2), and (ii) the D. laterosorum and P. violaceum clade is grouped together with D. polycephalum as the sister group to a weakly supported group 3 plus group 4 clade (0.64 Bayesian inference posterior probability, 51% maximum likelihood bootstrap, fig. S2 ). This is in contrast to its position as the exclusive sister lineage to group 4 in the SSU rDNA tree (Fig. 1) . The SSU rDNA phylogeny also strongly supports group 1 as the deepest major divergence in Dictyostelia ( Fig.  1 and fig. S1 ), as do analyses of combined SSU rDNA plus a-tubulin nucleotide sequences ( fig.  S3 ). However, an alternative root is weakly recovered in the a-tubulin amino acid phylogeny ( fig. S2 ). Thus, the position of the dictyostelid root still requires confirmation, which will probably require multiple additional genes.
A notable feature of both phylogenies is the split of the genus Polysphondylium. The violet-colored P. violaceum is unequivocally grouped together with D. laterosorum, and these two lie together at the base of group 4 ( Fig. 1) or in groups 3 and 4 (fig. S2 ). Meanwhile, the pale-colored polysphondylids are all found nested within group 2 ( Fig. 1 and 
